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1. Introduction {#s0005}
===============

A soil crust is a thin layer of consolidated material at the immediate soil surface with significantly different structural and mechanical characteristics than the underlying zone, which develops as result of temporal and spatial interactions between physical, biological and chemical properties and processes ([@b0010], [@b0040], [@b0245]). In general, two broad classes of soil crusts are distinguished based on their predominant mechanism of formation, *viz.* biological and physical.

Biological soil crusts develop from the intimate association between soil particles and microorganisms such as cyanobacteria, green algae, fungi, bacteria, lichens and bryophytes, which live within or immediately on top of the uppermost millimetres of soil ([@b0050]). They are typical of arid and semi-arid regions but can occur in most ecosystems ([@b0060], [@b0185], [@b0195]). In contrast, physical crusts have a physicochemical origin ([@b0245]). Rainfall impacting on the soil surface is one of the major drivers for physical seal formation. The kinetic energy associated with raindrop impacts destroys soil aggregates with concomitant compaction, slaking, physico-chemical dispersion and particle re-organization. Porosity at the immediate soil surface is significantly reduced through the in-filling and clogging of pores due to the wash-in of fine material, compaction associated with raindrop impacts, and deposition of clay particles at the immediate soil surface post-rainfall ([@b0010]). This gives rise to a *structural seal*. Dehydration of this rainfall-induced seal results in the formation of a *structural crust*. Throughout this paper the term seal is used when referring to the wetting phase, and crust when reference is made to the dehydrated seal.

The soil water reservoir is a major component of water storage within a catchment. Any alteration of the hydraulic structure of soils has great impacts on evapotranspiration, soil moisture content, groundwater recharge, runoff processes and river flow, and in turn largely influences the catchment water balance. Soil crusts, either biological or physical, are extremely frequent both on cultivated ([@b0040], [@b0045], [@b0195]) and uncultivated soils ([@b0225]). Therefore, the response of the soil surface to rainfall can have a significant impact on hydrological and ecological processes ([@b0030]). Recent record-breaking weather phenomena and flooding events in the UK and across Europe ([@b0305], [@b0295]) have renewed interest on the possible links between agricultural land management and flooding. In this context, the effects of biological and/or physical sealing on agricultural soils and its implications for downstream flood risk could be of major significance.

Hydrological models are regularly used for flood forecasting. At the basis of hydrological modelling is the rainfall-runoff relationship of the catchment. This is a highly complex and non-linear hydrological phenomenon ([@b0095], [@b0230]) that describes the transformation of precipitation into discharge ([@b0310]). The presence of a biological and/or physical seal/crust on the soil surface modifies the partitioning between infiltration and runoff and adds extra complexity to the system. [@b0100] applied a rainfall-runoff model to analyse the respective role of several factors, including the presence of a physical seal layer, on the hydrological response of a semiarid hillslope. They found that the seal layer controlled runoff generation to such an extent that runoff was not generated when the seal was excluded from the simulation. [@b0025] investigated the combined effect of soil heterogeneity and surface seal formation on the rainfall-runoff relationship of a small hypothetical bare catchment and showed that soil sealing had a bigger impact on runoff than soil heterogeneity.

The thickness of the disturbed layer is a key feature of a sealed surface, which allows estimation of the extent of the impact of the sealing phenomenon. Wide ranges in seal thickness have been reported in the literature. Visual examination and measurement of the sealed/crusted surface, either directly with Vernier calipers ([@b0045], [@b0275]), or via microphotographs ([@b0075], [@b0085]), have been primarily used to directly quantify seal and crust thickness. However, the risk with any visual assessment method is an underestimation of the thickness of the disturbed layer, whilst the unobserved remaining disturbed part can still affect the flow processes in the upper soil layer. [@b0080] showed the potential of X-ray techniques to characterise the bulk densit, of structural crusts. Here we describe the development of a method for a formally prescribed quantification of soil seal thickness which uses X-ray Computed Tomography (CT) data in an innovative way and enables a non-subjective assessment of seal formation and consolidation.

One of the principal constraints when describing and characterising sealed soils is the temporal and spatial variability of physical seal hydraulic properties and associated seal structure ([@b0035]). To overcome this limitation, [@b0015], [@b0020] developed and tested a model for soil sealing that takes into account several soil- and rainfall-related factors involved in seal formation. This model provided a much-needed theoretical basis for interpreting results from infiltration experiments in sealed soils and was successfully applied to simulate flow processes under sealing conditions. Small-scale experiments with simulated rainfall have shown that relatively stable seals might form in a relatively short time ([@b0085], [@b0245]). Nevertheless, beyond this time seal development might continue, and a dynamic balance between seal destruction and formation might be established. With regards to spatial variability, it is likely that gradual changes of structure within the seal are more likely to occur rather than the two discrete-layer structure firstly described by [@b0215], [@b0220]. Over the last few decades several studies have been conducted to investigate the processes and factors involved in seal formation (see [@b0010]). However, experiments that provide additional evidence of the micro-scale modifications of soil surface structure and wider implications for soil hydrodynamics at the initial stages of seal formation are still required. Accordingly, we conducted a laboratory experiment and induced surface seal development in three agricultural soils of contrasting texture with controlled rainfall events of constant intensity and kinetic energy (KE) and short storm duration time increments. Micro-morphological zones within the seal were identified non-destructively using X-ray CT and the micro-morphological characteristics of the seal quantified. Hydrological characterisation of the developing seals was conducted by measuring water repellency, a common feature of many soils ([@b0130]) and previously observed on soil crusts ([@b0160]), and by quantifying water infiltration dynamics.

2. Materials and methods {#s0010}
========================

2.1. Soil sampling and preparation {#s0015}
----------------------------------

Three soils of contrasting chemical and physical properties (a silty clay loam, sandy silt loam and sandy loam, denoted ZCL, SZL, SL hereafter; [Table 1](#t0005){ref-type="table"}) were sampled from fields used in intensive horticultural production and known to be susceptible to surface sealing. The fields were situated at three different locations in the UK. The ZCL and SZL were obtained from Butterwick (52° 59′ 12″ N, 0° 3′ 33″ E) and Wragg Marsh Spalding (52° 49′ 50″ N, 0° 5′ 32″ W), Lincolnshire and classified as Wisbech series (Soil Survey of England and Wales) and Wisbech/Agney series respectively. SL was classified as Eardiston series, and sampled from Coughton, Ross-on-Wye, Herefordshire (51° 53′ 43″ N, 2° 33′ 50″ W). For each soil, a randomly selected 5-point bulk composite sample (60 kg) was collected (0--30 cm depth). Soil was stored overnight at 10 °C, and then sieved moist to \<2 mm. Sieved soil was stored at 4 °C until required.Table 1Selected soils chemical and physical characteristics.ZCLSZLSL*Particle size distribution*% Sand1635.169.9% Silt6252.918.1% Clay221212% Coarse sand (600--2000 µm)0.20.14.5% Medium sand (212--600 µm)0.40.339.4% Fine sand (63--212 µm)15.534.726Textural class (Soil Survey of England and Wales, UK)Silty clay loamSandy silt loamSandy loam  *Chemical properties*OM (%)2.242.41.46CaCO~3~ (%)2.161.890.43TN (%)0.1500.1680.102

Open-topped microcosms were constructed using 50 mm lengths of 46 mm internal diameter PVC pipe. A nylon mesh (1 mm aperture) was glued to the bottom of the microcosm. Each microcosm was packed with fresh soil at a bulk density of 1.2 g cm^−3^. A factorial experimental design was implemented using the three soil types, subjected to four rainfall durations up to 14 min maximum (see below) and three types of analysis (unsaturated hydraulic conductivity, X-ray CT and water repellency), each applied to three independent replicates (total n = 108).

2.2. Simulated rainfall application {#s0020}
-----------------------------------

A rainfall tower was used to generate artificial rainfall which reproduces the physical characteristics of natural rainfall under controlled laboratory conditions in relation to drop-size distribution, kinetic energy (KE) and intensity. The rainfall simulator consisted of a 0.5 m^2^ bed of hypodermic needles (BD Microlance 3, 21 g, 0.8 × 40 mm) arranged in an offset 2.0 × 2.5 cm grid, sited at 8.8 m elevation above the plane of impact ([@b0315]). A stainless steel 4.0 mm aperture mesh was located 1 m below the needle bed to break up the rain droplets to produce a randomly-distributed range of droplet sizes. A constant head of 15 mm reverse osmosis (RO) treated water above the needle drain points was created in the needle bed, and the spatial arrangement of water-releasing hypodermic needles changed until a uniform and replicable rainfall intensity, drop size distribution and KE was achieved.

Drop size distribution and drop fall velocities were quantified with a laser optical disdrometer (LOD, model OTT-Parsivel 2, OTT Messtechnik, Kempten, Germany). The LOD was positioned at five locations within the experimental area (front, middle, back, left and right). For each point four measurements, of 60 s duration were taken.

The temporal development of structural seals was induced by applying a controlled rainfall event of intensity 60 mm h^−1^ and KE of 18.4 J m^−2^ mm^−1^ for either 2, 5, 9, or 14 min duration (hereafter denoted D2, D5, D9, D14, were D abbreviates 'duration'). This frequency of measurement was chosen to characterise the most dynamic stages of seal formation, namely aggregate breakdown and particle re-organization. Drop size ranged from 0.063 to 3.75 mm with a median drop size (D~50~) of 2.04 mm.

2.3. Unsaturated hydraulic conductivity analysis {#s0025}
------------------------------------------------

[@b0250], [@b0255] presented the first analytical solution to Richards' equation for vertical and horizontal infiltration. This has an infinite series solution for cumulative infiltration that is a function of time. However, for simplification, the infinite series solution is approximated by retaining only the first two terms in the infinite series resulting in the following equation:$$I(t) = A_{0}t^{1/2} + \mathit{Kt}$$where *I*(*t*) is the cumulative infiltration at time t, *A*~0~ is the soil sorptivity, and *K* is the soil hydraulic conductivity.

An infiltration experiment using a mini disk infiltrometer (Decagon Devices, Washington, USA) was conducted in the laboratory. Soil cores were placed on a sand table set to a pressure head (*h*) of −0.03 m and the mini disk infiltrometer, adjusted to the same pressure head value, was used to supply water to the top of each core. Prior to analysis, the samples were kept on the sand table for 24 h in order to equilibrate their matric potential. A thin layer of sand (Garside 80EW, Leighton Buzzard, UK) was applied to the soil surface to increase contact with the disk of the mini-disk infiltrometer. The infiltrometer was carefully placed on the contact sand and held in place with a ring stand and clamp. The elapsed time and the water level in the reservoir of the mini disk infiltrometer were recorded at predetermined time intervals up to 2 h. Philip infiltration model was then fitted to the measured infiltration data using nonlinear parameter optimization in excel and the unsaturated K was derived.

Capillary theory can be used to estimate the size of pores excluded from the transmission of infiltrating water at differing pressure heads ([@b0290]). Assuming the pores are cylindrical, for a certain pressure head (h) the pore radii can be predicted from:$$r = - \frac{2\sigma\mathit{\cos}\alpha}{\rho\mathit{gh}}$$where *σ* is the surface tension of water (assumed to be 0.073 N m^−1^), *α* is the contact angle between water and the pore wall (assumed = 0°), *α* is the density of water (Mg m^−3^), and *g* is the gravitational acceleration (9.8 m s^−2^). From Equation 2, a pressure head of −0.03 m would exclude pores with diameters equal to or larger than 1.0 mm diameter. [@b0205] classified pore sizes of \<10 µm as micropores, from 10 to 1000 µm as mesopores and \> 1000 µm as macropores. According to this classification, measurements of unsaturated hydraulic conductivity at a pressure head of −0.03 m will give an estimate of the flow through meso- and micropores.

2.4. Assessment of soil water repellency {#s0030}
----------------------------------------

The soil cores were equilibrated to a constant temperature and relative humidity (20 ± 1 °C, RH 50 ± 10%) for 24 h and water drop penetration time (WDPT) tests ([@b9005]) were performed under these same conditions. The surface of each soil core was divided into six parts using a pie-shaped frame, of which three sections were used for WDPT test for the wet surface and another three for the dry surface. Three drops of distilled water (20 μl) were dispensed using a fixed-volume pipette (Multipette Plus, Eppendorf, Germany). Water was slowly dispensed to make a drop hang on the tip of the pipette, which was then placed carefully on the soil surface to avoid any forced-penetration by a high kinetic energy of the water drop. After a set of WDPT tests for wet surfaces, all samples were dried in a dry oven (25 ± 5 °C) for 48 h. Another set of WDPT tests for dry surfaces was conducted on the unused areas, using the same WDPT procedures.

2.5. X-ray Computed Tomography {#s0035}
------------------------------

Microcosms were scanned using a Phoenix Nanotom 180NF tomograph (GE Sensing & Inspection Technologies GmbH, Wunstorf, Germany). The field of view for each scan included the entire sample. The scanner consisted of a 180 kV nanofocus X-ray tube fitted with a diamond transmission target and a five megapixel flat panel detector (Hamamatsu Photonics KK, Shizuoka, Japan). A maximum X-ray energy of 130 kV and 100 µA was used to scan each soil core. A total of 1440 projection images were acquired over a 360° rotation. The resulting isotropic voxel edge length was 24 µm and total scan time was 47 min per core. Reconstruction of the projection images to produce three dimensional (3-D) volumetric data sets was performed using the software datos\|rec (GE Sensing & Inspection Technologies GmbH, Wunstorf, Germany). The reconstructed CT volumes were visualized and quantified using ImageJ software (version 1.48 V) ([@b0265]). A volume of interest (VOI) of cubic shape (1300 pixels size per axis) was cropped in the CT scan image in the middle of the sample in order to exclude the sample frame.

2.6. Image processing, segmentation and analysis {#s0040}
------------------------------------------------

Scanned gray-scale data of the VOI's were segmented using the global thresholding method (Otsu's algorithm) to separate solid and pore phases. The Otsu thresholding algorithm was provided in the ImageJ software (version 1.48 V) ([@b0265]). A morphological filter permitted detection of the soil surface and thus to define layers as sections parallel to this detected surface ([@b0165]). Seventeen layers of 10 voxels each i.e. 240 µm thick were then produced. The detectable pore total volume (\>0.014 mm pores) within each of those sections were measured using the BoneJ plugins ([@b0135]). The porosity was calculated in each section by dividing the pore total volume by the volume of the section.

2.7. Seal thickness quantification: a new approach {#s0045}
--------------------------------------------------

Seal and crust thickness was derived using a method that employed values of porosity (φ) obtained from the CT data. A reference volume of soil (1 voxel), where by definition the disturbance by raindrop impact and the presence of washed-in particles from the surface were considered negligible, was identified in the lower part of the microcosms (36.3 mm below the soil surface) and its porosity calculated (reference porosity = φ*~ref~*). To identify seal thickness and micro-morphology, soil volumes were taken across the microcosm depth at increments of 24 µm. Consequently, 17 adjacent layers were considered in total and the corresponding porosities were calculated for each soil type and rainfall duration. These values of porosity were compared with the reference porosity ([Fig. 1](#f0005){ref-type="fig"}). For a specific soil and rainfall duration, the thickness of the seal corresponded to the depth at which the seal porosity returned to the median reference porosity ($\overset{\sim}{x}$φ*~ref~*) ± the median confidence interval (CI). For soils ZCL, SZL and SL the $\overset{\sim}{x}$φ*~ref~* ± CI values were 24% (±4.4%), 11% (±5%) and 32% (±1.9%), respectively ([Fig. 1](#f0005){ref-type="fig"}a--c).Fig. 1Variation of porosity of 17 soil layers in relation to simulated rainfall for 2 (D2), 5 (D5), 9 (D9) or 14 (D14) minutes duration. Bars denote median crust porosity (n = 3), whiskers denote ± confidence interval of the median. Horizontal solid line shows the median reference porosity ($\overset{\sim}{x}$φ*~ref~*), dashed lines show ± confidence interval around the $\overset{\sim}{x}$φ*~ref~*. (a) Silty clay loam (ZCL); (b) Sandy silt loam (SZL); (c) Sandy loam (SL).

2.8. Statistical analyses {#s0050}
-------------------------

One-way ANOVA was conducted to determine, for each soil type, the effects of rainfall duration on K~un~ and total porosity of the seal layer. The means were compared using Student--Newman--Keuls (SNK) test at the 0.05 level of significance. ANOVA assumptions of normality and homogeneity of variances of the residuals were explored graphically using respectively normal Q-Q plots and plots of the residuals versus fitted values. The Q-Q plot for K~un~ revealed log-normally distributed data therefore ANOVA for this variable was performed on log-transformed data. All statistical analyses were executed using R ([@b0260]).

3. Results {#s0055}
==========

3.1. Quantifying seal-thickness of different soils exposed to various durations of simulated rainfall {#s0060}
-----------------------------------------------------------------------------------------------------

[Fig. 1](#f0005){ref-type="fig"} shows the porosity calculated for each soil and rainfall duration and in relation to the superimposed $\overset{\sim}{x}$φ*~ref~* ± CI of the undisturbed soil matrix, and provides an alternative way to define soil and crust thickness. For the ZCL soil ([Fig. 1](#f0005){ref-type="fig"}a), at rainfall durations D2, D5, D9, and D14 the $\overset{\sim}{x}$φ*~ref~* ± CI was attained at 0.96--1.20, 1.68--1.92, 2.16--2.4, 4.8--6.0 mm respectively which suggests that the average seal thickness equated to 1.08, 1.8, 2.28, and 5.4 mm respectively.

Final average seal thickness values per rainfall duration and soil type derived using our imaging approach are represented in [Fig. 2](#f0010){ref-type="fig"}. For ZCL the estimated seal thickness increased with rainfall duration from 1.08 mm for rainfall duration D2 to 1.8 mm at D5, 2.28 mm at D9, and 5.4 mm at D14. Similarly, seal thickness in SL increased exponentially in the order D2 \< D5 \< D9 \< D14 (1.56, 3.12, 3.6, 5.4 mm respectively). A different behaviour was observed for SZL, where the increment in seal thickness due to rainfall duration was very gradual (the seal developed was 0.6 mm thick at D2, 0.84 mm at D5, 1.56 mm at D9, and 1.8 mm at D14). The reduction in median porosity of the first 5 mm of soil with respect to the undisturbed zone was the lowest for SL (38%) and higher in ZCL (58%) and SZL (67%).Fig. 2Seal thicknesses derived with the method proposed in this study and extrapolated from [Fig. 1](#f0005){ref-type="fig"}. One value of thickness for each soil type (Silty clay loam -- ZCL; Sandy silt loam -- SZL; Sandy loam -- SL) and duration (2, 5, 9 and 14 min: D2, D5, D9, D14 respectively) of simulated rainfall.

3.2. Spatial and temporal micro-morphological variations in seals due to rainfall {#s0065}
---------------------------------------------------------------------------------

The dynamics of seal development and the predominant processes involved in rainfall-induced surface sealing can be inferred from [Fig. 3](#f0015){ref-type="fig"}. An abrupt and distinct zone of reduced porosity as compared with the $\overset{\sim}{x}$φ*~ref~*, located approximately 0.24--0.72 mm below the seal surface was identified for ZCL at D2, D5 and D9, and for SL at all durations.Fig. 3Porosity profiles with depth of the three soil types (Silty clay loam -- ZCL; Sandy silt loam -- SZL; Sandy loam -- SL) subjected to different rainfall durations (2, 5, 9 and 14 min: D2, D5, D9, D14 respectively).

After 2-min rainfall duration (D2) the immediate soil surface of SL (0.0--0.24 mm) was associated with a 40% reduction in porosity as compared with the median reference porosity ($\overset{\sim}{x}$φ*~ref~*). This trend continued throughout the rainfall event. Further, between 0.24 and 0.48 mm depth, porosity decreased to 16%, corresponding to a 52% reduction as compared with the $\overset{\sim}{x}$φ*~ref~*. This abrupt extra-dense zone was associated with a further 20% reduction in φ as compared with the soil surface. This zone of intense porosity reduction progressively increases achieving at D9 a maximum depth of 0.72--0.96 mm with % reductions in porosity relative to $\overset{\sim}{x}$φ*~ref~* ranging from 81 to 85% ([Fig. 3](#f0015){ref-type="fig"}). Below this zone of intense porosity reduction, an incremental increase in porosity was observed, with $\overset{\sim}{x}$φ*~ref~* being attained at 2.88--3.36 mm depth for D5, and 3.36--3.84 mm for D9 and D14. No significant differences in porosity values were observed between D9 and D14 for any of the depth intervals investigated ([Fig. 1](#f0005){ref-type="fig"}c). This suggested that optimum seal formation was attained following a 9 min storm duration.

As with the SL, for the ZCL the porosity of the uppermost soil layer progressively decreased with storm duration with porosity reductions as compared with $\overset{\sim}{x}$φ*~ref~* at D2, D5, D9 = D14 of 40%, 73% and 87%, respectively. The abrupt and narrow zone of intense porosity reduction was again observed between 0.24 and 0.48 mm depth at all storm durations achieving a maximum reduction in porosity as compared with $\overset{\sim}{x}$φ*~ref~* of \>90% ([Fig. 1](#f0005){ref-type="fig"}a). In comparison with SL, no significant differences in porosity were observed between D9 and D14 for depth intervals 0.24--0.48 to 1.44--1.68 mm ([Fig. 1](#f0005){ref-type="fig"}a). However, in contrast to SL, further significant reductions in porosity were observed between D9 and D14 for all depth intervals between 1.68--1.92 and 4.80--6.00 mm. This inferred a continued in-washing of fines to depth.

SZL did not present the zone of intense porosity reduction below the soil surface, rather the highest porosity reduction was associated with the 0--0.24 mm layer. The surface reduction in φ for SZL as related to the $\overset{\sim}{x}$φ*~ref~* of 11% was equal to 84, 91, 90 and 91% at D2, D5, D9 and D14 respectively. In addition, at D5, D9 and D14 the porosity profiles with depth of SZL showed a very similar trend ([Fig. 3](#f0015){ref-type="fig"}), and similar porosities values were also observed for D5, D9 and D14 at all depth intervals ([Fig. 1](#f0005){ref-type="fig"}b). These results indicated that after 5 min additional rainfall did not significantly alter the sealing processes in SZL and the optimum seal formation occurred at D5.

3.3. Resultant effects of sealing upon infiltration and water repellency phenomena {#s0070}
----------------------------------------------------------------------------------

Generally, increasing rainfall duration appeared to reduce the unsaturated hydraulic conductivity ([Fig. 4](#f0020){ref-type="fig"}), although this trend was marginally statistically significant for ZCL and SZL (*P* = .10 and 0.09 respectively) and not significant for SL (*P* = .45). The highest reduction in hydraulic conductivity occurred between D5 and D9 for ZCL and between D2 and D5 for SZL: from 9.0 to 3.4 mm h^−1^ and 6.4 to 4.0 mm h^−1^ respectively. For SL, K varied between 1.4 and 8.4 mm h^−1^ showing no relevant trend. The lowest K~un~ was observed in SL (median of all durations equal to 2 mm h^−1^), followed by SZL (4.1 mm h^−1^) and ZCL (5.4 mm h^−1^).Fig. 4Effect of rainfall duration (2, 5, 9 and 14 min: D2, D5, D9, D14 respectively) and soil type (Silty clay loam -- ZCL; Sandy silt loam -- SZL; Sandy loam -- SL) on the unsaturated hydraulic conductivity (K~un~) measured at −0.03 m pressure head. Different letters indicate differences at P \< .05 according to SNK test performed on log-transformed data.

Water drop penetration time (WDPT) data for wet surfaces only are shown in [Fig. 5](#f0025){ref-type="fig"}. Dry surfaces and those of untreated control cores showed no notable water repellency with most drops penetrating without measurable delay (WDPT range 0--6 s). Reduction or disappearance of water repellency at very low water contents has been previously documented ([@b0115]). For each soil and rainfall duration, the relative frequencies of four penetration time classes were reported: WDPT \< 5 s, 5 s \< WDPT \<10 s, 10 s \< WDPT \<15 s, and 15 s \< WDPT \<20 s. Drops lasting longer than 20 s were not observed for any soil surface. On average, the water repellency was greater in ZCL than SZL, with the greatest penetration times ranging between 15--20 s and 10--15 s respectively. SL showed no signs of water repellency at any rainfall durations (WDPT, \<5 s). In general, with the exception of SL, increasing rainfall duration increased the proportion of more repellent classes, hence soil water repellency. In ZCL the relative frequency of the class 15--20 s increased from 0% at D2 to 22% at D5, 44% at D9, and 67% at D14. Similarly, in SZL the occurrence of penetration times between 5 and 10 s increased with duration as D2 \> D5 \> D9 (i.e. 11%, 33% and 100%) and decreased to 68% only at D14 where a longer time (10--15 s) appeared.

Based on the widely used WDPT classification system of [@b0055], all samples exhibited median penetration times classified either as wettable (WDPT \< 5 s) or slightly water repellent (5--60 s). Water repellency clearly differed between the three soil types ([Fig. 5](#f0025){ref-type="fig"}), decreasing with the content of fine soil particle fractions ([Table 1](#t0005){ref-type="table"}). Specifically, the content of silt and clay, equal to 84, 65, and 30% for ZCL, SZL and SL respectively, was positively related to the median WDPT measured for the three soils (13, 6 and 0 s).Fig. 5Relative frequency of four observed water-drop penetration time (WDPT) classes (\<5 s, 5 s \< WDPT \<10 s, 10 s \< WDPT \<15 s, and 15 s \< WDPT \<20 s) for three soil types (Silty clay loam -- ZCL; Sandy silt loam -- SZL; Sandy loam -- SL) at different rainfall durations (2, 5, 9 and 14 min: D2, D5, D9, D14 respectively).

4. Discussion {#s0075}
=============

Crusts and seals should not be seen as discrete layers, but instead as disturbed layers that exhibit gradual changes in physical properties from the surface to some point beneath where the soil is still essentially undisturbed ([@b0235]). The ability to detect this potential pattern was at the core of the methodological approach based on CT-scan analysis for quantifying seal and crust thickness adopted in this study.

4.1. Seal thickness quantification and relationship with soil type and rainfall {#s0080}
-------------------------------------------------------------------------------

The seal thickness measured with the method here developed ranged between 0.6 mm and 5.4 mm. Similarly to [@b0065], thick seals formed readily in the sandy loam soil (SL) which also had the lowest OM content. Comparatively thinner seals were observed in the sandy silt loam soil (SZL) and this may in part be due to the higher OM content that imparted higher aggregate stability; ZCL was mid-range in terms of seal thickness, and had an intermediate OM content. A wide range of seal thicknesses have been reported in the literature: between 1 mm and 8 mm ([@b0085]), between 0.6 mm and 16.8 mm ([@b0045]), 4 mm ([@b0180]), between 0.2 mm and 20 mm ([@b0075]), between 2 mm and 12 mm ([@b0275]). With the exclusion of [@b0180], all the aforementioned studies relied on visual examination for seal thickness quantification. The subjectivity associated with visual examination might have contributed to such variability in seal thickness reported in previous work, in conjunction with the obvious differences in soil type and experimental conditions used. [@b0180] used CT images to delineate the extent of the surface seal. They assessed the variation with depth of several soil properties, some directly determined from CT scans (porosity, pore size distribution), some derived after flow simulation through the pore structure obtained from the CT scans (permeability, tortuosity, effective porosity). They concluded that, given the good agreement of the various metrics used in estimating seal thickness (approximately 3 mm and 4 mm), these could be used for quantifying the thickness of a compacted layer. However, these authors acknowledged that the small number of samples used (four) limited the validity of the results.

Seal thickness was strongly influenced by the amount of rain impacting onto the soil surface, i.e. the higher the rainfall duration, the thicker the resultant seal. It is well established that the rate of seal expansion and thickening is controlled by rainfall characteristics. [@b0155] observed soil crust thickness increased with the cumulative rainfall and suggested an empirical relationship for this phenomenon. [@b0045] determined that the increase of seal thickness followed closely the increase in rainfall KE.

4.2. Seal micro-morphology and relationship with soil type and rainfall {#s0085}
-----------------------------------------------------------------------

Structural seals are formed at the soil surface by the destruction of soil aggregates exposed to the direct impact of rain drops, compaction, slaking, particle segregation, and pores filling and clogging by wash-in of fine material ([@b0215], [@b0220], [@b0010]). [@b9000] successfully used CT data to characterise and identify micro-morphological crust types of undisturbed soil samples from an artificial catchment. Similarly, in our study X-ray CT analysis was able to reveal the dynamics and processes of seal formation and differentiate micro-morphological zones within the seal. In two out of three soils under study, a zone of extreme porosity reduction was found at 0.24--0.72 mm below the soil surface. Our results corroborated with those of [@b0165], who derived the bulk density distribution with depth using a medical X-ray CT scanner and observed the maximum value of bulk density at 1 mm below the surface. This behaviour contrasted with previous results indicating that the maximum bulk density (and consequently lowest porosity) is reached at the soil surface itself. [@b0165] were not able to distinguish if the increased bulk density below the surface was either caused by a systematic image reconstruction error or by a real sealing pattern. This was because they used only one soil type and the phenomenon recurred in all the samples. In our study, SZL did not present the extra-dense layer below the surface. For this soil the porosity was lowest at the immediate surface and incrementally increased with depth. This indicated that the subsurface extra-dense layer detected by tomography was not a technical artefact, but a real micro-morphological soil property.

To understand the reason for the presence/absence of the zone of extreme porosity reduction below the soil surface, raindrop impact phenomena and the associated process of soil detachment should be taken into account. [@b0150], [@b0280] explained that when a drop hits the soil surface, it penetrates the surface and compresses the soil. At the same time, during raindrop impact the pressure builds up at drop-soil interface and the high pressure inside the raindrop forces the water to escape laterally. The compressive stress is then transformed to shear stress across the solid-liquid contact region because of the lateral water movement. Basically, two stress components can be identified during raindrop impact: compressive stress from the impact (normal to the surface), shear stress from the lateral movement or jetting (tangential to the surface). The interaction between the obstacles (such as the bulge around the crater formed after drop hits and the irregularity of the soil surface itself) and the lateral jet stream is believed to be the major mechanism for soil detachment. [@b0170], [@b0175] showed that the partition of compressive and shear forces depends on the surface properties with greater lateral jet development, and in turn detachment, on a rigid surface compared to an elastic surface. More recently [@b0140], [@b0145]) confirmed that the magnitude of compressive vs. shear stress components is dependent on the strength of the raindrop impacted surface and affects detachment.

It appears therefore that soil properties have a significant effect on the process of soil detachment as result of drop impact. [@b0005] reported that cohesion forces between soil particles strongly control the detached mass. When the disruptive forces from a raindrop overcome the bonding energy of the soil aggregates and the particle mass, soil detachment will take place ([@b0200]). Evidence of a raindrop impact-threshold have been presented by several authors ([@b0070], [@b0300], [@b0280]). In general, a sandy soil is less cohesive than a silt loam soil, and the minimum threshold rain energy needed to initiate soil detachment is lower ([@b0280]).

It might be hypothesized that for the sandy silt loam soil (SZL) the critical KE required to initiate and support detachment was higher than the value used in our experiment (18.4 J m^−2^ mm^−1^), and thus soil detachment was minimal. Furthermore, due to specific textural characteristics, the predominant force acting at the immediate soil surface might have been the compressive component and this resulted in a general slumping of the soil core and produced a porosity vs. depth profile without zone of reduced porosity. On the other hand, ZCL and SL textural characteristics might have been associated with a lower raindrop impact threshold. At the same time, the lateral jet development on the surfaces of ZCL and SL might have been greater (hence a greater shear stress) which generated significant detachment. The raindrop compressive stress would have still been acting under the zone of influence of the lateral jetting, resulting in a rapid compaction/consolidation of soil. The loose soil particles at the immediate surface are expected to have a lower bulk density (and higher porosity) than the underling compressed zone, and this could be the reason for the abrupt and distinct zone of reduced porosity below the surface observed in the porosity vs. depth profiles of ZCL and SL.

Short rainfall durations (2, 5, 9 and 14 min) were selected to characterise the more dynamic stage of seal formation. It has already been established that relatively stable seals might form in a short time. [@b0285] showed the cumulative porosity of the 0--2 mm layer for soil either treated with anionic polyacrylamide (PAM) or untreated at four rainfall durations (7.5, 15, 30, 60 min). They reported the biggest drop in cumulative porosity between 7.5 and 15 min rainfall for both treated and untreated soil. In our study a 5 min rainfall was sufficient to induce the formation of 1.8, 0.84 and 3.12 mm seal in ZCL, SZL and SL soils respectively. The drastic reduction in porosity in the upper layers compared to the median porosity of undisturbed soil (median reference porosity = $\overset{\sim}{x}$φ*~ref~*) provided robust evidence of seal establishment. This was also supported by the steep decrement in water flow through meso- and micropores (indicated by unsaturated hydraulic conductivity measured at −0.03 m pressure head) between D2 and D9.

4.3. Infiltration dynamics and water repellency of developing seals {#s0090}
-------------------------------------------------------------------

Rainfall had a rapid strong effect on the hydraulic properties of soil and this was clearly connected to the surface sealing process. After only 9 min, the unsaturated hydraulic conductivity was reduced by around 60% of its initial value. At this point in time the average seal thickness of the three soils was around 2.5 mm. Further seal expansion and modifications of the porous system due to the additional rainfall had a smaller impact on the K~un~.

Despite being a sandy loam soil and having the highest seal porosity, SL was associated with the lowest unsaturated hydraulic conductivity. This was attributed to the fact that K~un~ measurements at −0.03 m pressure head selectively excluded the water flow in pores ≥1 mm (i.e. the macropores). Given the textural characteristics of SL, it was likely that the relative abundance of macropores was higher than meso- and micropores. By excluding the macropores, the pore fraction contributing the most to the infiltration in SL was excluded, hence the low K~un~ recorded. This result stressed the importance of considering pores size when studying the hydrologic responses of surface seals. It also highlighted that a minimum of two pressure head points, characterising different pore size classes (e.g. 0.005--0.03 m), should be selected for a better representation of the unsaturated flow.

Soil water repellency reduces the affinity of a soil to water such that it resists wetting for periods ranging from a few seconds to hours, days or weeks. It can be caused by hydrophobic organic compounds present on soil particle surfaces or as interstitial material ([@b0130]). The importance of this reduced soil wettability on surface runoff generation has been widely highlighted ([@b0090]), including that of low levels of water repellency, which can also affect soil water distribution ([@b0240]). [@b0120] have thus called for the inclusion of this variable in hydrological modelling to improve model predictions in catchments with water repellent soils.

Although soil water repellency has often been thought to develop more readily in coarse-textured soils due to their smaller surface area per unit volume ([@b0105], [@b0110]) our results support previous findings where water repellency increased in soil particle fractions of decreasing size ([@b0115], [@b0125], [@b0210], [@b0270]). Modifications of the soil particle size distribution, caused by the destruction of aggregates with raindrops impact, might be the cause of the development of water repellency following rainfall and its increase with rainfall duration. Rainfall might have preferentially exposed the finest and more hydrophobic fractions, as well as the interstitial organic matter, and in turn affected soil water repellency.

5. Conclusions {#s0095}
==============

In this study we have developed and tested a new imaging approach for quantifying seal/crust thickness, which enabled us to characterise soil seal formation under simulated rainfall at a fine spatial and temporal scale.

The seals formed under the experimental conditions produced in the laboratory ranged between 0.6 and 5.4 mm in thickness and, in general, the increase of thickness followed the increase in rainfall duration. The sandy loam soil, which was also characterised by a very low OM content, developed thicker seals, whilst the sandy silt loam soil with the higher OM developed thinner seals.

By coupling short rainfall duration time increments with CT-scan technology it was possible to illustrate the structural seal formation process and the temporal inter-related dominance and significance of the associated sub-processes. Critically, in the ZCL and SL soils, we were able to identify a distinct and persistent zone of intense porosity reduction immediately below the seal surface (0.24--0.48 mm). This result confirmed the existence of a raindrop impact threshold (related to a critical KE) that needs to be overcome in order to initiate and support soil detachment and that is specific for each soil type. Rainfall duration had a rapid strong effect on the hydraulic properties and water repellency of soil: unsaturated hydraulic conductivity was reduced and WDPT increased as rainfall duration increased. These results were related to rainfall-induced aggregate breakdown processes and, in general, seal formation.

Structural sealing can occur even at very short rainfall durations. In this study \<9 min rain was sufficient to induce the formation of an average a \>2.5 mm thick seal in three different soils and cause a 60% reduction of infiltration. These results demonstrate how the surface condition of intensively cultivated soils can have a profound effect on the potential ability of soils to act as a water reservoir, with wider implications for flood-risk management in catchments.
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